Introduction
In recent years, intensive research has been carried out to extend the scope of ambulatory monitoring from exclusively clinical to non-clinical environments [1] [2] [3] . The mobile monitoring of various vital signs of the human body requires sensors to be integrated into a next-to-skin smart garment. In standard medical settings, the vital signs of the human body include body temperature, respiratory activity, electrocardiography (ECG) and blood pressure [4] . Previous research has predominantly focused on the development of textile based respiration, movement and electrocardiography sensors [5] [6] [7] [8] [9] [10] [11] . For the temperature measurement of human body, researchers have mainly relied on commercially manufactured external temperature sensors, such as temperature-measuring semiconductor devices and also thermistors [12] [13] [14] [15] . In order to address such shortcomings, a detailed study has been carried out for the development of a textile based temperature sensor (also termed a Temperature Sensing Fabric), which might maintain intimate contact with the surface of skin and facilitate long-term physiological monitoring of human body [16] [17] [18] [19] [20] .
The details of design and fabrication of Temperature Sensing Fabric (TSF) are readily available [17] ; the sensing fabric was fabricated on a computerized industrial flat-bed knitting machine by embedding a fine metallic wire as a sensing element in the middle of the double layer knitted structure, as shown in the conceptual TSF illustrated in Figure 1 . The copper, nickel and tungsten sensing elements, in the form of bare and insulated wires of various diameters, were used in the fabrication of the TSF to identify the most suitable design. The working principle of the TSF is based on the fundamental tendency of metal wire to vary its electrical resistance when exposed to a change of temperature. The TSF samples were developed by embedding 3.8 meters of sensing wire into an 8 x 8 cm 2 temperature monitoring area. In order to avoid an electrical contact between the adjacent inlaid wires, additional spacer courses were also introduced, along with the knitted courses. As the metal wire was embedded in the middle of a double layer knitted structure, it was hardly noticeable and did not significantly affect the aesthetics or the comfort of the fabric. The compact double layer structure of the TSF also provided protection from abrasion. This work details the design, development and performance of the test rig system, which was employed to calibrate the TSF samples over a temperature range from 20°C to 50°C.
Calibration of the TSF is prerequisite before deploying it for the measurement of human body skin temperature. No published material has been found in which a standard procedure or equipment suitable for the calibration of temperature sensing fabric has been reported. Usually, a Resistance Temperature Detector (RTD) is calibrated in a primary or secondary temperature monitoring laboratory using either fixed point or comparison methods [21] . The calibration technique adopted depends upon the accuracy requirement and the temperature range. Such calibration methods are usually performed for wide temperature ranges when non-linearity becomes important. Fixed point calibration is performed for primary standard thermometers by the use of fixed point cells in order to attain the lowest possible measurement uncertainty; it is an expensive and time consuming process. Comparison calibrations are performed by using a standard reference thermometer in conjunction with a dry or liquid temperature-controlled bath. This is a less expensive process and can be performed either in a specialized laboratory or at the deployment site. In both types of calibration, sophisticated resistance bridges are used to measure the electrical resistance; however, for both the comparison and the fixed point calibration techniques, the sensor to be calibrated is immersed either in a liquid thermal environment or in a dry thermal environment comprising standard sized metal blocks. Considering the construction and the constituent materials of Temperature Sensing Fabric, a liquid thermal environment is not appropriate, and similarly, the shape and compliance of a TSF renders it incompatible with the dimensions of the standard sized metal blocks used for calibration in dry thermal environments. According to standard temperature laboratories [22, 23] , the dedicated fixed point cells or metal blocks could be adapted to calibrate theTemperature Sensing Fabric up to 300°C with a calibration accuracy of ±0.1°C by considering any nonlinearities. However, it is important to note that the relevant temperature range of the application environment extends from only 20 to 50°C. Moreover, errors associated with the construction of the TSF and its application environment (movement artefacts, the influence of environmental parameters, etc.) may be significant. It is therefore inappropriate to initiate the design of a sophisticated temperature-measuring system, as high precision is unlikely to be warranted. Therefore, the development of the test rig along with the calibration procedure at an appropriate level of accuracy and precision was a core objective of this research. The TSF samples may be calibrated by investigating the effect of temperature on their resistance. In order to quantify this effect, an ohm-meter and reliable temperature sensors plus a heating system to artificially create a thermal environment at the required temperature, were considered to be the primary requirements of the system.
The proposed testing methodology is based on contact temperature measurement across the TSF coupled with four wire resistance measurement. The equipment employs a constant temperature hotplate in order to maintain the TSF at a series of stable temperatures, and includes two copper plates between which the TSF is sandwiched so that the sensor temperature might be derived without direct measurement. Each copper plate was instrumented with four K-type thermocouples and a PicoTech TC-08 data logger was used for recording the temperature. The temperature of the sample was approximated by averaging the temperatures of the upper and lower copper plates. An Agilent 34401A, 6.5-digit multimeter and 4-wire resistance measurement system were used to measure the changes in electrical resistance. A purpose-built graphical user interface was created in the LabVIEW environment to record and display the temperature and resistance signals side by side.
Materials & Methods

General Requirement of Test Rig
The primary purpose of the test rig was to record the electrical resistance of the sensing element and the corresponding temperature values of the Temperature Sensing Fabric in order to develop an empirical relationship between resistance and temperature for calibration purposes. Following were the general requirements of the test rig: creation of a uniform thermal environment for the TSF within a temperature range of 20°C to 50°C; accurate temperature measurement of the TSF by temperature sensor via the contact measurement method; and the measurement of minute changes in resistance of the TSF, as a consequence of change in temperature by attachment of multimeter leads to the sensing element.
Since the observations involved the measurement of precise levels of resistance and temperature, the contact quality of the test rig settings was therefore important and needed to be uniform in all the testing procedures. The primary concern was how to present a uniform thermal environment to the TSF at specified temperature settings. Further technical difficulties to be considered included the attachment of temperature sensors to the sensing element (of the TSF), the compensation of the additional resistance introduced by the multimeter leads when they were connected into the measuring circuit and the nullification of errors in the perceived resistance of the TSF which might arise due to the effect of test rig temperature fluctuations on the multimeter leads. There were also procedural issues to address, in particular, the minimization of handling the equipment and the sensing fabric during the testing procedure.
2 Preliminary approaches to measure Temperature and Resistance
Accurate temperature measurement of the TSF (either its surface or the embedded sensing wire) may not be as straightforward as it might appear. is in a steady state, accurate temperature measurement of the sensing element may not be possible.
In the earlier stages of this study, the temperature measurement of the TSF was performed within various thermal environments between 20 and 50°C, by using a variety of techniques, that is, contact based and non-contact based temperature measuring methods. Initially, a handheld infrared temperature measuring instrument was employed to measure the temperature of a bare wire sensing element. However, large variations in temperature were observed because of the small Field of View offered by the wire. Similarly, the measurement of surface temperature of the TSF was also found to be less stable and more inaccurate because of the surface characteristics of the TSF. Due to surface roughness, emissivity values may not be constant and can influence the infrared spectrum. Additionally, it was also not possible to use this instrument for continuous measurement.
Temperatures were also measured by contact method, that is, by attaching the temperature sensors (thermocouple and thermistor) at the surface of TSF or directly onto the sensing element. Under uniform thermal conditions of 50°C, the surface temperature of the TSF was measured with variations of ±3°C. Similarly, direct temperature measurement of the sensing element was also not consistent and this resulted in large variations. The main problem in both cases was the quality of contact between the temperature sensor and the TSF surface (or sensing element). The quality of contact could be improved by permanent fastening of the temperature sensor onto the sensing element (e. g. , soldering) or at the surface of the TSF (e. g. , gluing). However, this invasive approach could not be endorsed as the quality of thermal contact would not be the same for different samples and would be a source of variation.
Initial modelling and experimental results indicated that a 1°C change in temperature caused a resistance change, in the sensing element of the order of milliohms (mΩ), and was particularly small when the nominal resistance of the TSF was low. Measuring such a low resistance accurately is not a straightforward task. In preliminary testing, the resistance was measured using a standard hand-held multimeter with a crocodile clip, however, significant variations were observed due to the lead resistance, contact resistance and limitations in the precision of the hand-heldmultimeter.
Development of Test Rig Methodology
It was understood from the preliminary testing that a tailor-made non-invasive test rig coupled with a consistent procedure, with minimized manual handling, had to be developed. The test rig should not only provide a uniform thermal environment at the desired temperature but should also measure the TSF temperature and its corresponding resistance accurately.
Therefore, a purpose-built test rig was developed around a number of commercially available components.
• A TC-08 Data logger by PicoTech was used to measure and record temperature readings via thermocouples, as shown in Figure 2 . Up to eight thermocouples can be connected into a single data-logging unit. It offers a temperature measurement accuracy of ±0.2% of the reading plus ±0.5°C and interfaces to a PC using USB cable [24] .
• The Agilent 34401A is an industry standard benchtop digital multimeter, as depicted in Figure 2 , which provides a combination of high resolution, accuracy and speed. Its measurement capability includes 6.5 digits of resolution with 0.01% ohm measurement accuracy. For resistance measurement, the multimeter offers a maximum resolution of 100 µΩ on its 100 Ω range and it interfaces with the PC via GPIB or RS232 connectors [25] . • A Fischer Scientific Hotplate was used as a heating source for the test rig as it provides contact heat to the samples. Its top plate (7 x 7 in. ) is made of reflective white ceramic, providing a maximum of 540°C for its temperature setting. An LED display shows the actual and set point temperatures which can be adjusted with nominal increments of 1°C [26] .
Thermal Environment Provision & Temperature Measurement
In order to provide a uniform thermal environment for the TSF and to measure its resistance at each corresponding temperature step, a new approach was worked out by understanding and adapting the methodology of the standard parallel hotplate method for measurement of the thermal resistance of textiles [27] . In this method, two highly conductive metal plates would not only provide a uniform thermal environment to a sample sandwiched between them, as shown in Figure 3 , but would also provide a temperature sensing platform. The lower metal plate would be placed on the surface of a standard laboratory hotplate. Heat energy would transfer via conduction from the hotplate to the environment by passing through the lower metal plate, the sample under test (TSF) and the upper metal plate, respectively. By measuring the temperatures of the upper and lower metal plates, the temperature of the sample could be approximated.
Copper Plate Development
Copper was chosen for the metal plates because of its high thermal conductivity and ease of availability. Copper plates were developed not only to provide a consistent thermal environment but also to measure the temperature across the TSF as shown in Figure 3 . In order to provide a uniform thermal environment to the samples, it is important that the temperature distribution between the metal plates is uniform axially and radially at steady temperature settings between 20 and 50°C. Therefore, along with the choice of material, the thickness of the copper plates was an important consideration. In order to improve the uniformity of temperature within each copper plate, it was desirable to select the thinnest possible metal sheets. However, it was also wished to fasten the thermocouples in the middle of the copper plates for sensing purposes. Therefore, the thickness of the metal plates was decided by considering the thickness of thermocouples. A copper plate of 4 mm thickness would not only be able to securely embed the 2 mm thermocouple probe but because of the plate's low Biot number [28] , it also exhibits excellent temperature homogeneity.
Each copper plate was fitted with four k-type thermocouples as shown in Figure 3 . The thermocouples were fixed with thermally conductive adhesive, into shaped grooves, so that 
http://www.autexrj.com/ the thermocouple probe would have an optimal contact with the copper plates. This connection was further protected by fixing a thin copper strip on the same side of the copper plate, where the thermocouples were fastened; the overall thickness of the copper plates was 4 mm. The temperature data logger could acquire signals from the eight thermocouples simultaneously, so by averaging the eight thermocouples, a close approximation could be determined of the temperature of the sensing element embedded in the middle of the TSF.
Resistance Measurement
As a result of preliminary testing of TSF resistance, a number of concerns were identified as being the main contributors of error in the resistance measurement and needed to be rectified:
• the inherent resistance of the multimeter leads;
• the quality of contact between the multimeter probes and the ends of the sensing element; • the effect of temperature on the resistance of the multimeter leads.
These issues were resolved by taking the following actions:
• introducing Four-Wire Resistance Measurement;
• developing a special connector for Four-Wire Resistance Measurement; • using a high precision benchtop multimeter instead of a handheld instrument.
Two-Wire Resistance measurement involves passing a current through an electrical component and measuring the voltage drop across the target device. This entails the use of two connecting leads, one being coupled to each end of the target component [29] . The method is illustrated by the topleft circuit in Figure 4 and gives acceptable accuracy under normal circumstances. Moreover, handling two probes is straightforward and taking readings is simple and relatively quick. Another long-established approach for accomplishing this task is Four-Wire Resistance Measurement (4WRM), which provides a much more accurate way to measure small resistances. The offsetting effects of lead resistances and contact resistances are automatically reduced using this method. In 4WRM, two leads are used to pass current, whilst a second pair of leads is used to measure the voltage drop as shown in the top-right circuit in Figure 4 [28].
Thus, the requirement was to develop a 4WRM system to take reliable resistance measurements. The 4WRM connections were created by fixing substantial screw type connectors onto an insulating strip and then soldering the current and voltage lead wires to the underside of the connector as shown in Figure 4 . A firm contact between the sensing element of the TSF and the four-wire connector can be made from the upper side using a screwed terminal. This approach minimizes the resistance contribution of the connecting lead, and thus, resolves the issues of resistance offset and resistance variation with temperature change in the connecting leads. During temperature-resistance testing, it is important to exercise care to ensure that the sensing element does not make contact with the surface of either of the conducting copper plates while sandwiching the TSF between them, or while making connections to the 4WRM connector. Any contact between the sensing element and the copper plates during the testing procedure would lead to error in the resistance measurement.
In order to record the TSF temperature and its corresponding resistance, a customized graphical user interface was also developed in the LabVIEW environment. A complete setup of the test rig system and the LabVIEW interface is pictured in Figure 5 .
The test rig apparatus is a simplified version of a standard parallel hotplate method for the measurement of thermal resistance of textiles [27] . In the standard parallel hotplate method, metal plates and samples are insulated along the edges in order to minimize radial heat transfer. This is important for the measurement of thermal conductivity (or thermal resistance) of material under steady state conditions. However, this experimental test apparatus is not insulated along the sides, as such a refinement was not considered necessary in view of the level of accuracy expected from this type of sensor under the conditions in which a wearable sensor is expected to be used. In the earlier stages of the research, an attempt was made to insulate the rig components along the edges, however, because of the handling procedure for the test rig, a permanent solution of fixed insulation was not suitable, as it had to be regularly removed and replaced, suffering handling damage each time. During the changing of the sample in the test rig, the top copper plate has to be removed from its position. At this moment, the thermocouple wires attached to the copper plates and the sensing element of the TSF interfered with any insulating material fitted along the sides of the plates. This meant that the side insulation had to be reset each time a sample was changed; the effectiveness of the insulation was therefore a little different for each test, thereby adding slight variations to the result. Therefore, to improve the consistency of testing, and to minimize handling problems with the TSF samples, side insulation was not incorporated into the design.
Results and Discussion
Before starting the actual temperature-resistance testing, it was necessary to perform a number of preliminary tests in order to establish the limitations of the testing regime and to estimate the inaccuracies by understanding the test rig behavior. It was important to ascertain the extent to which it might be possible to make a close approximation to the actual temperature of the sensing element. It was equally important to discover whether the temperature throughout the whole sample would be uniform. The factors which might be capable of disturbing the thermal environment of the test rig would also have to be found. It was also important to find whether the test rig could record actual T-R values at certain temperature points.
TSF samples may be calibrated by investigating the effect of temperature on their resistance and the TemperatureResistance relationship of pure metals is relatively linear within the temperature range between 0 and 100°C [17, 30] . This means that suitable calibration equations may be created by specifying the temperature-resistance data values at two fixed points. One of the fixed pointsmay be considered to be the standard laboratory temperature of 20°C, while the second point could be above the normal temperature of the human body, that is, 37°C. Therefore, tests were performed within a stable environment of 45°C. The resistance values drawn at 20°C and 45°C would help devise the calibration equation.
Creating a stable 45°C environment for the TSF and then measuring the temperature and resistance values would be more challenging in comparison to the data acquisition at room temperature (20°C). Therefore, forthcoming experiments will discuss the measurement results and estimation of errors at the highest value of the selected range, that is, at 45°C.
After various assessment attempts, an operational hotplate temperature of 55°C was chosen, as this resulted in a stable TSF temperature close to 45°C. The measured surface temperatures are usually less than the actual surface temperature primarily because of environmental influences and the contact resistance between the temperature sensor and the surface to be measured. In order to estimate this error in the test rig setting, both the upper and lower copper plates were placed on the hotplate without any fabric sample. At an indicated hotplate temperature of 55°C, the average temperature of the top and bottom copper plates was recorded by the eight thermocouples as being 49°C and 49.5°C respectively. The 0.5°C drop in temperature between the copper plates was primarily due tothe contact thermal resistance. The 5.5°C drop in temperature between the hotplate and lower copper plate could be consequential upon various factors. It was believed that the indicated temperature of the hotplate was actually the temperature of the internal heating elements located just underneath the hotplate surface. Due to the thermal contact resistance between the hotplate's internal heating elements and the surface, the displayed temperature would always be little more than the actual surface temperature of the hotplate. This means that a 5.5°C drop in temperature between the hotplate and the lower copper plate was partially because of the contact thermal resistance between the hotplate surface and the lower copper plate, and also the contact thermal resistance between the hotplate's internal heating elements and its own surface.
A few tests were carried out to ascertain the uncertainty in measuring the temperature of the upper and lower copper plates, and to assess the stability of the thermal environment between the plates at the indicated temperature of the hotplate.
In this test, a sample of TSF was placed in between the two copper plates and then the hotplate was turned on with an indicated temperature of 55°C. The temperature readings of both copper plates were noted for about half an hour once the test rig components achieved equilibrium.
The detailed results of this experiment are presented in Figure 6 and Table 1 . Figure 6 shows the temperature profiles of all eight thermocouples, the average for the upper and lower copper plates and the TSF temperature. The average temperature of each thermocouple channel, the standard deviation for each channel, the average temperature of each copper plate and the standard deviation among the channels of each copper plate were also calculated and presented in Table 1 .
The standard deviation within each temperature channel was found to be extremely low, which means that the thermocouples and the data acquisition system are high in precision. The standard deviation among all the channels of their respective copper plate was calculated to be less than 0.2°C. All the thermocouples belonging to each respective copper plate showed the same behavior and their average relative differences were noted to be less than 0.5°C. This means that due to the high thermal conductance of the copper plates, the temperature distribution within each plate was uniform and there was no significant temperature gradient within the plates. It is implicit from these figures that both copper plates provided a stable thermal environment for the TSF at the 55°C set temperature of the hotplate.
To confirm the reproducibility of the results, four more tests were carried out on different days at the standard laboratory temperature of 20°C. The TSF temperature profiles of all five tests along with their corresponding resistance profiles are shown in Figure 7 . 
Conclusions
This research reports in detail on the design, development and behavioral analysis of a test rig designed to measure the temperature and resistance parameters of a Temperature Sensing Fabric (TSF) over the range from 20°C to 50°C. The testing methodology was based on contact temperature measurement across the TSF and utilized four wire measurement of resistance. The results indicate that although there were significant heat losses from the system, the high level of conductance of the 4 mm copper plates located within a temperature controlled laboratory maintained a very even temperature across the plates. This, coupled with their relatively high thermal capacity, served to counter the thermal cycling of the temperature control system built into the hotplate, so that the TSF fabric could be maintained at a series of stable and repeatable test temperatures. Hence, the temperature of the fabric surface might be calculated without resorting to direct surface measurement of the textile sensor.
The thermocouples built into the copper plates allied with the 6.5-digit multimeter and the 4-wire resistance measurement system proved to be able to accurately measure and record the minute changes in temperature and electrical resistance of the TSF. It was found that the temperature distribution within each copper plate, at a nominal 55°C preset hotplate temperature, was uniform without significant temperature gradient. The standard deviation within each temperature channel was 0.06°C and within the resistance channel was 0.013 Ω; this was extremely small and indicated that the sensors and the data acquisition system operated at high precision. The temperatureresistance graphs of all tests showed that the temperature and that the test rig not only provided a stable and homogenous thermal environment but also has the capability to precisely measure the temperature and resistance values.
It was important to determine how accurately the temperature of the sensing element (embedded in the TSF) can be estimated within the temperature range between 20 and 50°C for the test rig. The temperature measurement methodology, that is, the estimation of the sensing element temperature by taking an average of the upper and lower temperature of the copper plates may seem straight forward to understand. However, it was necessary to validate it by scientific investigation and to estimate the errors in calculating the sensing element temperature. The methodology was based on the assumptions that: the sensing element is embedded exactly in the middle of the TSF; the temperature varies linearly across the thickness of the TSF; the thermal contact resistance and drop in temperature at the interfaces of TSF surfaces to their respective copper plates are the same. Deviation from these assumptions may contribute errors in the estimation of temperature of the sensing element. In terms of TSF structure, not only the positioning of the sensing element is important but also the homogeneity of the textile layers across the sensing element.
In order to validate the methodology, the TemperatureResistance data values of all five tests were compared with the reference Temperature-Resistance profile, as shown in Figure 8 . The specifications of the TSF and its reference Temperature-Resistance profile are stated in Table 2 . It can be seen from Figure 8 , that the Temperature-Resistance data are randomly distributed across the reference profile. The maximum deviation from the reference line is not more than ±50 mΩ, which corresponds to an error of ± 0.20°C. At the room temperature (20°C), the resistance deviation from the reference line was measured to be less than ±20 mΩ, which corresponds to an error of ± 0.08°C. So, it is safe to say that the overall error at specified temperature range would be not more than ± 0.20°C. With reference to the above discussion, it Table 2 . The specifications of the TSF and its reference Temperature-Resistance profile.
Parameter Value
Sample Description resistance values were not only repeatable but reproducible as well, with only very small variations. The comparative analysis between the temperature-resistance test data and the temperature-resistance reference profile showed that the error in the estimation of the temperature of the temperature sensing fabric was not more than ±0.2 °C. It may therefore be inferred that the rig provided a stable and homogenous thermal environment; it also provided the capability to precisely measure the temperature and resistance parameters. In addition, it may also be concluded that over a temperature range extending from ambient temperature of 20°C up to 50°C, the temperature of the sensing wire may be closely approximated by averaging the temperatures of the upper and lower copper plates. The temperature sensing fabric may therefore be integrated into garments for accurate continuous measurement of human body temperature in mobile, non-clinical settings, for example, sports, military, general healthcare and firefighting situations and this will facilitate studies related to biorhythms and assessment of thermal strain in extreme environments.
